Translation on the ribosome is controlled by numerous accessory proteins and translation factors. In the yeast Saccharomyces cerevisiae, translation elongation requires an essential elongation factor, the ABCF ATPase eEF3. A closely related ABCF ATPase, New1, is encoded by a non-essential gene with a cold sensitivity and ribosome assembly defect knock-out phenotype. Since the exact molecular function of New1 is unknown, it is unclear if the ribosome assembly defect is direct, i.e. New1 is a bona fide ribosome assembly factor, or indirect, for instance due to a defect in protein synthesis. To investigate this, we employed a combination of yeast genetics, cryo-electron microscopy (cryo-EM) and ribosome profiling (Ribo-Seq) to interrogate the molecular function of New1. Overexpression of New1 rescues the inviability of a yeast strain lacking the otherwise strictly essential translation factor eEF3.
leads to ribosome queuing upstream of 3'-terminal lysine and arginine codons, including those genes encoding proteins of the cytoplasmic translational machinery. Our results suggest that New1 is a translation factor that fine-tunes the efficiency of translation termination.
INTRODUCTION
The ribosome is aided and regulated by accessory factors participating in all stages of the translational cycle: initiation, elongation, termination and recycling (1) (2) (3) (4) . Translational GTPases are the key players in all these steps and as such have been extensively studied over the past five decades (5,6). Another class of NTPase enzymes has attracted increasing attention in the recent years -the ribosome-The ATPase-deficient New1 construct (VHp123 , Table 1 ) lacks the aggregation-prone prion domain (New1∆Q/N), but contains an N-terminal His6-tag, and the catalytic glutamic acid residues in the two ATPase active sites are replaced with glutamines (E713Q, E1058Q; New1-EQ2). The protein was overexpressed in BL21 Escherichia coli cells grown at 37 °C from an overnight culture in LB medium starting at OD600 of 0.06. Cells were grown until OD600 of 0.2 and the temperature shifted to 22 °C. At OD600 = 0.4, the culture was induced with 1 mM IPTG. After 1.5 h of expression, the cells were harvested at 8,000 × g for 10 min at 4 °C. All subsequent steps were performed on ice or at 4 °C. The pellet was resuspended in 30 mL of lysis buffer (50 mM Tris-Cl [pH 7.5], 1 mM MgCl2, 20 mM NaCl, 10 mM Imidazole, protease inhibitor cocktail (cOomplete ULTRA EDTA free, Roche) and lysed using a microfluidizer (Microfluidics M-110L) by passing cells three times at 18,000 p.s.i. The cell debris was removed upon centrifugation in a SS34 rotor at 4 °C (27,000 × g for 15 min) and the proteins were purified from the supernatant by His-tag affinity chromatography using Ni-NTA agarose beads (Clontech). The bound proteins were washed with lysis buffer containing 25 mM imidazole and then sorting the particles into five classes (Supplementary Figure S2) . The class containing the New1-80S complex (57,226 particles) was subjected to focused-sorting, using a mask encompassing the New1 ligand. The New1-containing population (48,757 particles) was than refined using undecimated particles and additionally focused refined with a spherical mask encompassing the New1 ligand as well as the 40S head (Supplementary Figure S2) . Subsequently, the overall refined structure was subjected to CTF refinement using RELION-3.0 (37). The CTF refined particles were again 3D refined and subsequently multibody refinement was performed. For the multibody refinement, three masks were used: the first one encompassed the first portion of New1 (HEAT and 4HB, residue range 141-549) as well as the SSU Head, the second mask included the remain part of New1 (ABC1-ABC2-CD, residue range 570-1112) and the LSU, and the third mask covered the SSU Body (Supplementary Figure S2 and S3E). The final reconstructions were corrected for the modulation transfer function of the Falcon 2 detector and sharpened by applying a negative B-factor estimated by RELION-3.0 (37). For the sharpening, a mask for the whole New1-80S complex (for the overall refinement) and New1 (for the local refinement) was used, respectively, resulting in a final average reconstruction of 3.28 Å for the New1-80S complex and 3.63 Å for the New1 (Supplementary Figure S2 and S3A). The same was done for each part of the multibody refined volumes, which provided an average resolution of 3.26 Å for the SSU Head-New1 (HEAT, 4HB), 3.06 Å for the LSU-New1 (ABC1, ABC2, CD) and 3.14 Å for the SSU Body. The single multibodies were merged using phenix 1.15 via the phenix.combine_focused_maps command (38). The resolution of the 3.28 Å volume was estimated using the "gold standard" criterion (FSC = 0.143) (39). Local-resolution estimation and local filtering of the final volumes was done using Relion-2.1 (Supplementary Figure S3F-N) .
Molecular Modelling
A homology model of New1 was created using the deposited structure of the eEF3 protein model (PDB ID 2IX8) (9) as a template for SWISS-MODELLER (40). The homology model was fitted into density with UCSF Chimera 1.12.1 (41) using the command 'fit in map': Single domains were manually adjusted with Coot version 0.8.9.2 (42). The chromo domain was built de novo based on the secondary structure elements of the chromo domain of HP1 complexed with the histone H3 tail of D. melanogaster (PDB ID 1KNE). The ATP molecules within the ABCs were obtained from the PDB ID 6HA8 (43). The model of the S. cerevisiae 80S ribosome was derived from PDB ID 4U4R. The proteins of the SSU and LSU were fitted separately into locally filtered electron density maps using UCSF Chimera (41). The rRNA was fitted domain-wise in Coot (42). Afterwards manual adjustments were applied to all fitted molecular models using Coot. The combined molecular model (proteins+rRNA) was then refined into the merged multibody maps using the phenix.real_space_refine command of phenix version 1.14, with restraints that were obtained via the phenix.secondary_structure_restraints command (38). Cross-validation against overfitting was performed as described elsewhere (44) (Supplementary Figure S3B) . Statistics for the model were obtained using MolProbity (45) and are represented in Supplementary Table S2 .
Figure preparation
Figures showing atomic models and electron densities were generated using either UCSF Chimera (41) or Chimera X (46) and assembled with Inkscape.
Preparation of Ribo-Seq and RNA-Seq libraries and data analysis
Cultures of wild type (MJY1171) and new1Δ (MJY1173) strains were grown overnight at 20 °C (or, alternatively, at 30 °C), diluted to OD600 ≈ 0.05 in 750 mL of SC medium, and incubated in a water bath shaker at 20 °C (or 30 °C) until OD600 ≈ 0.6. Cells were harvested by rapid vacuum filtration onto a 0.45 µm nitrocellulose membrane, scraped off, and frozen in liquid nitrogen. Cells were lysed by cryogenic milling and RNA-Seq and Ribo-Seq libraries prepared from the cell extracts. RNA-Seq libraries were prepared using Scriptseq Complete Gold Yeast Kit (Epicentre). Ribo-Seq libraries were prepared essentially as per Ingolia and colleagues (18) with updated enzymes, modifications of rRNA removal and sample purification procedures. Detailed protocols can be found in our GitHub repository https://github.com/GCA-VH-lab/Lab_protocols.
NGS and data analysis
Multiplexed Ribo-Seq and RNA-Seq libraries were sequenced for 51 cycles (single read) on an Illumina HiSeq2500 platform. The quality of Illumina reads was controlled using FastQC (47), and low quality reads (Phred score below 20) were discarded. The adaptor sequence (5¢-NNNNCTGTAGGCACCATCAAT-3¢) was removed using Cutadapt (48). After removing reads mapping to non-coding RNA, reads were mapped to the S. cerevisiae reference genome R64-1-1.85 using HISAT2 (49). In the case of Ribo-Seq, out of 36-47 million unprocessed reads after removal of noncoding RNA (rRNA and tRNA) and reads that mapped more than twice 3-8 million reads remained.
Pooling resulted in 7.8 (20 °C) / 9.3 (30 °C) million reads total for wild type and 12.7 (20°C) / 5.5 (30 °C) million reads for new1Δ. RNA-Seq reads were processed similarly, omitting the Cutadapt step; out of 16-32 million unprocessed reads, 12.5-20 million remained after removing non-coding RNA and reads that mapped more than two times. The analysis pipeline was implemented in Python 3 and is available at GitHub repository (https://github.com/GCA-VH-lab/RiboSeqPy ). Reads that mapped once to the genome were used for final P-site assignment using read length-specific offsets, as provided in the file readlength_offsets_expert.txt on GitHub. Mapped reads were normalised as reads per million (RPM).
The ribosome queuing metric was computed using the Python script compute_queuing.py. 
Accession numbers

RESULTS
New1 has a function that partially overlaps with that of eEF3
New1's closest homologue in S. cerevisiae -the translation factor eEF3 encoded by the YEF3 gene - Figure S4A) . The methionine-induced growth inhibition of PMET25-YEF3 cells was more pronounced in the absence of NEW1, at both 20 °C and 30 °C ( Figure 1B and Supplementary Figure S4BC ). While these results are consistent with overlapping functions of New1 and eEF3 in protein synthesis, the additive negative effects on fitness could also be due to the two proteins acting on two sequential steps in gene expression, for example, ribosome assembly (New1) and translation (eEF3). Therefore, we investigated whether New1 can functionally substitute for eEF3's cellular function. To do this, we first tested whether full-length New1 can supress the growth defect caused by eEF3 depletion. We found that increased NEW1 gene dosage did, indeed, counteract the growth retardation caused by eEF3 depletion in PMET25-YEF3 cells ( Figure 1C and
Supplementary Figure S4D ). Second, we investigated whether an increased level of New1 could overcome the essentiality of eEF3. To do so, we constructed a yef3Δ strain that was rescued by a wildtype YEF3 gene on a URA3 plasmid. Increased dosage of the NEW1 gene, either under its own or the strong TDH3 promoter (PTDH3), counteracted the requirement of the YEF3 plasmid for viability ( Figure   1D ).
Taken together, our findings demonstrate that New1 can, although with low efficiency, perform the essential molecular function of eEF3 in protein synthesis. On the other hand, increased YEF3 gene dosage does not suppress the cold sensitivity phenotype of a new1Δ strain, suggesting that New1 has a specific molecular function that cannot be performed by eEF3 ( Figure 1E ).
The ATPase-deficient New1-EQ2 mutant is locked on translating ribosomes
To characterise the association of New1 with ribosomes, we used ATPase-deficient mutants in which the catalytic glutamic acid residues (E713 and E1058) in the two ATPase active sites ( Figure 1A ) are replaced by glutamines (Q) (so-called EQ2 mutants). Locked in the ATP-bound conformation, the EQ2 mutants of E. coli ABCF EttA (51), Bacillus subtilis VmlR (43) and human ABCF ABCF1/ABC50 (7) were previously used to trap these ABCF ATPases on ribosomes. We used a tightly controlled b-estradiolinducible LexA-ER-B112 expression system (31) to drive expression of C-terminally TAP-tagged (52) versions of New1 or New1-EQ2. While induction of New1-TAP has no effect on growth, the induction of Figure S5H) , suggesting that AMP-PNP is a poor substrate for New1 ( Figure 2B ). Therefore, for solving the structure of New1 locked on the 80S ribosome, we used the EQ2 mutant and ATP instead of using the wild type protein and AMP-PNP.
Structure of the New1DQ/N -EQ2 on the 80S ribosome
To determine the binding site of New1 on the ribosome, we incubated S. cerevisiae 80S ribosomes with New1DQ/N-EQ2 variant in the presence of ATP, and subjected the assembled New1-DQ/N-EQ2-80S
complex (hereafter referred to as the New1-80S complex) to single particle cryo-EM ( Figure 3A) . After 
Interaction of New1 with the 80S ribosome
To ascertain the contacts between New1 and the 80S ribosome, the crystal structure of the S. cerevisiae SSU and LSU was also fitted and refined together with New1 ( Figure 3B) . Overall, the binding site is globally similar to that observed previously for eEF3, however, with the improved resolution it is now possible to better ascertain which regions of New1 interact with which ribosomal components ( Figure   3D-F) . The majority of the contacts with the SSU are established between the N-terminal HEAT domain and components of the SSU head, specifically, with the tip of expansion segment 9 (ES9) of the 18S rRNA and ribosomal proteins uS13 and uS19 (Figure 3D-F) . The 4HB and ABC1 domains of New1 do not interact with any ribosomal components, whereas ABC2 and CD form extensive interaction with the LSU, mainly with the 5S rRNA and ribosomal protein uL5. Additionally, bridging interactions are formed by ABC2 that contacts uL5 on the LSU and uS13 on the SSU (Figure 3D-F) . A more in-depth description of these interactions is found in the Supplementary Results section, with an accompanying Supplementary Figure S8 . By contrast, the tip of the CD makes no contacts with the ribosome, but rather extends into the vacant E-site in the direction of the L1 stalk ( Figure 4A) , as observed previously for the eEF3-80S structure ( Figure 4B ) (9). The CD of eEF3 has been proposed to influence the conformation of the L1 stalk and thereby facilitate release of the E-site tRNA (9). However, compared to eEF3, the CD of New1 is truncated and lacks the b4-b5-hairpin (Figure 4C-D) , and therefore the extent by which the CD of New1 reaches towards the L1 stalk is reduced ( Figure 4A) . We speculate that the b4-b5-hairpin plays an important role in eEF3 function to promote the open conformation of the L1 stalk necessary for E-tRNA release and that the absence of this motif in New1 may explain why New1 overexpression cannot fully rescue the growth defect caused by depletion or loss of eEF3. This raises the question as to whether New1 has acquired another function on the ribosome that is distinct from eEF3.
New1 depletion leads to ribosome queuing upstream of 3'-terminal lysine and arginine codons
To assess the global effects of New1 loss on translation in yeast we used ribosome profiling Supplementary Figure S10) . The extent of ribosomal queuing in the new1Δ strain is much more dramatic and no queuing is detectable in the [PSI+] Ribo-Seq dataset. Our metagene plots lack the pronounced peak at the stop codon, both in the case of wild type and new1Δ datasets. This is not unexpected as ribosomal post-termination complexes are more sensitive to ionic strength than elongating ribosomes (58) and require stabilisation by cycloheximide that was specifically omitted in our Ribo-Seq protocol (61).
We next set out to determine whether only a subset of translated mRNAs is affected by New1 loss -and if this is the case, which ORF features correlate with aberrant mRNA translation in the new1Δ strain. We defined the 'C-terminal ribosome queuing metric' (or just 'queuing metric' for short) as a ratio between the sum of the maximal Ribo-Seq counts within the three peaks preceding the stop codon (highlighted with grey shading on Figure 5A ) and the average Ribo-Seq density between the peaks.
We plotted distributions of the queuing metric values for individual datasets ( Figure 5C ) as well as for individual ORFs in new1Δ against wild type (Supplementary Figures S11A) . While the effect of New1 loss on the mean queuing metric is moderate (9.6 wt vs 5.6 new1Δ), the distribution in the new1Δ dataset has a clear 'heavy tail'. While the high queuing metric in new1Δ is associated with relatively higher ribosome density after the stop codon (3' UTR) (Supplementary Figure S12A-F) , the 3' UTR density in genes displays no codon periodicity suggesting that new1Δ does not lead to increased readthrough (Supplementary Figure S12C and S12F). Consistent with this notion, analyses of readthrough using a dual-luciferase readthrough reporter system (62) detected no apparent difference between the new1Δ and wild type strains (Supplementary Figure S12G) .
We selected the ORFs with high queuing metric values using a Z-score cut-off of 1 and applied pLogo (63) to analyse the sequence conservation pattern in the C-terminal region encompassing five codons preceding the stop codon. Strikingly, in the case of new1Δ the selected ORFs display a clear conservation signal localized at the C-terminal amino acid, dominated by positively charged lysine (K) and arginine (R) residues (Figure 5D ). In the wild type dataset there is no signal passing the significance cut-off; and no specific C-terminal amino acid signal is detectable in eIF5A (58) or Rli1/ABCE (59) datasets (Supplementary Figure S13) , which could be attributed to the relative weakness of the queuing signal in these datasets. Therefore, we tested if the nature of the C-terminal amino acid corelates with the increase in the ribosomal density at the stop codon upon eIF5A and Rli1/ABCE depletion and in [PSI+] (Supplementary Figure S14) . Our analysis detects no specific increase of the Ribo-Seq density at the stop codons preceded by C-terminal arginine and lysine residues, further reinforcing the specificity of the effect we observed in the new1Δ strain. background, and detects a weaker signal for asparagine (N). We plotted queuing metric distributions for individual ORFs grouped by the nature of the C-terminal amino acid (Lysine: Figure 5F ; distributions for
ORFs ending with other amino acids are presented on Supplementary Figure S16) . In the case of wild type, distribution of the queuing metric for ORFs terminating with lysine is similar to that of ORFs in general (compare Figure 5C and 5F). Conversely, new1Δ ORFs terminating with lysine display a broad distribution that is strongly shifted to higher values, consistent with significantly higher ribosomal queuing on mRNAs encoding C-terminal lysine residues ( Figure 5E ).
DISCUSSION
Our results show a novel role for New1 in fine-tuning the efficiency of translation termination in S.
cerevisiae. Two molecular functions have previously been documented for New1. The first is its necessity for efficient ribosome assembly, which is phenotypically manifested in a pronounced coldsensitivity of the new1Δ strain (23). While New1 loss compromises ribosomal assembly, this phenotype does not necessitate that the direct role of New1 in the process is as a bona fide assembly factor. A homologue of New1 and the bacterial ABCF translation factor EttA (51) -Uup -presents an analogous case: while overexpression of Uup supresses both cold sensitivity and ribosome assembly in E. coli caused by knock-out of the translational GTPase BipA (14), it is unclear if Uup is an assembly factor or translation factor. The association of New1 with polysomal fractions (see Figure 2B and (23) Figure S11C) . Therefore, we conclude that the ribosome assembly defect in the new1Δ strain is likely to be a knock-on effect of the protein synthesis defect, although a dedicated follow-up study is necessary to test this hypothesis. The second proposed molecular function of New1 is mediated by its prion-like propensity to aggregate in S. cerevisiae (24) .
When overexpressed, New1 promotes formation of the prion state translation termination factor eEF3/Sup35 -[PSI+] -and the effect is strictly dependent on New1's N-terminal Q/N rich region (25, 64) .
Importantly, since the Q/N region is not universal for New1 -the distribution of this region is limited to
Hemiascomycota species (26) -prionogenesis is not a general feature of New1.
Here we demonstrate that New1 binds to ribosomes and plays a role in facilitating translation termination and/or recycling at stop codons preceded by a codon for the positively charged amino acids lysine or arginine. However, the mechanism by which New1 facilitates this process remains to be elucidated. At present, we can only speculate that binding of New1 to the ribosome in a position analogous to eEF3, exert its influence via the E-site, possibly by affecting the stability of the E-site tRNA and/or the conformation of the L1 stalk, however we also cannot rule out that New1 is involved in recruitment or dissociation of other auxiliary factors from the ribosome that directly influence the termination/recycling process.
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